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ANALYSIS OF THE EFFECTS OF BOUNIMRY-LAYER CONTROL ON THE TAKE-OFF AND _
POWER-OFF MNDmTG PERFORMANCE CHARACTERISTICS OF A LIAISON ‘

TYPE OF AIRPLANE ‘

By ELMEE & HOETON, LMTSEXCE K. LOFTIX, Jr.,STANESYF. RACISZ, and Jon- H. Qums, Jr.

SUMMARY

A performance analywk has been mude to determine whether
boundary-layer control by suction might reduce the minimum
take-off and landing distance~of a four-place orj%e+ace air-
plane or a liaison type of uirpkzne below those obtainablewith
conwntional high-hjl deties. Tle airplanewas awwmedto bar=
a cruise durati”onof 6 hmm at 60-perctmtpower and to be operat-
ingfrom airgtm”p~baring a groundfriction toe-t of 0.9 or a
combined ground and braking coej%itmt of 0-4. The pay load
wasjixed at 1500 pounds, tb w“ng span was w-M from 26 to
100 feet, the a~pectratio was mn-iedj-em 6 to 16, and thepower
was acnn”edfrom WO to 1300 harsepauwr. Mkcimurn lift coe@-
a“entiof 6.0 and2.8 wereassumedfor theairplaneswithand uN&
out bundzry-layer control,respeotiuely. A consercatil’ee~”mate
of the bwnda~daywxwtrol+~ipmt weight was included.
The efects of the boundary-layer control on t@al take-of dis-
tance, total poweT-o.f landing distance, landing and taktq$
ground run, stalling speed, sinking speed, and gliding speed
were determined.

The mare important results of the analyti can be summa-
rized as fobws: l%e absolute minimum total take-off &stance
which uxzsobtainedwith an airplane hun”nga low wing loading
and a moderatelylow aspect mtio is not reduced by the addition
of”bourtdar@ayer cont?ol. me e~ectbness of boundary-layer
control in reducing the total take-off di$tancefor a D“mnmaxi-
mum speed improces with increasing aspect mtio, and,for wing
loadings of 10 pounds per squarefoot or more and an aspect
%tio of 10 or more, theaddition of boundary-luyercontTolresults
in a decreasein the total take-qf dtince of as mud ox 14 peT-
cerit. The totai landing distancefor a giuenmm-mum speed is
reducedfor all eq$gumtions b-ythe use of boundary-layer con-
troL l%e redud”on cariesfrom ,??6to .@ percent depending on
the wing loading.

The reduetion in ground run for take-o$ U& negligible for
an as-pectratio of 5 but was of the orderof 10 to 30 percentfor
wpect ratios of 10 and 16; wh+weus,the reduction +nground run
for landing was from 25 to dO percent for all configurations.
The stilling speedfor a gicen maaimum speed waa reduced !20
to 25 percentfor all configurationsbytlw application of baundary-
layer control.

For the landing condition, boundaryday~ controlalso reduced
the gliding speed but remded in a slightbyhigher sinking spe+,
or ,certical ce[om”ty,than that for the cmnwntional airplane
hating the same wing span.

HWRODUC’JZON

The design of a new airpkme usxdy iu-roks a compromise ___
between se-rend desired high-peed performance charackis-
tics and the practical necessi@ for operating the airplane in =”
and out of airports of reaeonabIe size. The degree of neces-
smy compromise has been reduced by the use of high-lift
de-rime to increase the mexinmm lift coefikient. Such de- ,
vices as Ieading- and trailing-edge flaps which are now in
use on operat.iomd aircraft. permit the attainment of maxi-
mum airplane Iift coefficients, power-off, of the order of 2.8
(reference 1). k the beIief that much higher airpkme
maximum lift coefficients would be desirable, numerous wind-
hmnel investigations ha-re been made of the tiectiwmeas of _;
bouudar-jdayer control as a means for obtaining high maxi- ._
mum Iift coeflkients. Airfoil-section maximum M coefE-
eients as high as 5.5 ha~e been obtained in wind-tunnel tests .
(see, for example, reference 2), end in a Iimited tlight inves-
tigation airplane lift coficients of 4.2 were.obtained (refer-
ence 3).

There is, however, some question as to the exact benefits -.
to be derived from the use of the high lift. coefEc~entsavail-
hbIe with boundary-hzjer control. In an efFort.to obtain”
some idea of the extent to which the high Iift coefficients
avaiIable with boundary-layer control might be usef~ an _ ._
analytical investigation has been made of the eflect of lift
coefEcient on the distance reqfi for a four or five place
or liaiion type of airpkme to take off and Iand over a 50-foot
okstacle. .

A @ion type of @lame was seIected- for the analysis
since such an a-irpkte might be ~eckd to operate horn
small or makeshift airports where take-off and Ianding die- -~-
tancw wouId be of primary importance. A 1,500-pound pay
load and sufficient fuel for a 5-hour flight were assumed.
The power, wing span, and aspect ratio of the airpkme con-
flguratione imestigated were varied over a wide range.

I SapersxkaNiCik TN WI’, “Analmfs oftheEflectsofMandars-h$er Cantrolm theTabw-0EPerform811mClmzeterfstks of a Liaison-’Me AJr@me” by Elmer & Hortonand John
H- Qufnn,Jr. 1S4S,and NACJATX 214S,“Ane&sfs of the Effeeisof Bonnd8rY-L8yerOrmtroIonthePom’r-011IaIIdbwF@wIuIIee Wr8ddStk9018 LfsfsOU-Tm Ab@ane” by ElnrerA.
Hmtrw hmrence K. LmWn,Jr. and StanleyF. EwisG IWO.
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Allowances were made for changes in the gross weight re-
sulting from changes in the airplane configuration and for
the weight of the boundary-layer-control equipment. A
matium lift coticient of 2.8 was assumed for the air-
planes without boundary-layer control and a value of 5.0
was assumed to be the highest maximum lift coefficient
available with boundary-layer control.

In addition to cilmda.tions of the distance required to land
and take off over a 50-foot. obstacle, the ground-run distance.
corresponding to Isnding and take-off, stalling speed, gliding
speed, and sinking speed were calculated for all the airplanes,
The maximum speed of each airplane configuration was also
calculated in order to provide some indication of the relation
between high+peecl performance and landing and take-off
performance. The landing maneuver was assumed to be
executed without the use of power.

SYMBOLS

w airplane gross w-eight,pounds
w weight of airplane components, pounds
g acceIerrdion due to gravity (awmmed equal

to 32.2), feet per second per second
T thrust, pounds
TO static, thrust, pounds
TVmm thrust at maximum velocity, pounds
s wing area, t3quar0feet
e angle of flight path with respect to ground,

degrees
17 veIocity, feet per second
7 average flight velocity during transition arc,

feet per second
(%9

D total drag, pounds
c. airplane drag coefficient (11/@S)
DO wing profile drag, pounds
C.. wingpro~e-drag coefficient (1%/@)
cD~ induced drag coefficient (CJ/rAe)
L total lift, pounds
c. airplane Iift coefficient (L/@)” ‘“
c+ lift coefllcient that would b: required for

steady level flight at speed V
A~L= ~Lmm—c+
8 horizontal distance, feet
8: total take-off distance over 5QJoot obstacIe,

feet
landing distance from 50-foot obstacle, feet

,: radius of transition arc, feet

q dynamic pressure, pounds per square foot

()
1 In2P

H total pressure, pounds per square foot

[?= pressure coefficient
(Hoi=’)

Q quantity rate of flow, cubic feet per second
CQ quantity rate of flow coefficient (Q/S_VO)
P brake horsepower

A
h
b
e

;ubscripts:
c
13LC
o
d
L

‘u

G
F
g
1

R
t
T
8
opt

aspect ratio (b2/S)
aItitude at which flare is started, feet ‘“
span, feet
wing efficiency factor based on variation of

spamvise loading from an elliptical loading
with no ground effect (nssumcd equal
to 0.9)

constants for calcultiting propeller thrusL

efficiency factor of blower (nssumed equal
to 0.9)

ground or braking friction coefficient or both
mass density of air, slugs per cubic foot
ratio of specific heats at constant volume rmd

constant pressure (1.4 for air)
time, seconds

conventional airplnnc
boundary-Iayer-control uirplnnc
free-stream conditions
conditions in boundary-layer-control ducL
conditions at point of ground contact on

kmding
maximum
pay load
glide
float
ground conditions for take-ofl
conditions during ground r~mof airplnne for

take-off
giound conditions for landing
conditions at take-off of airplane
transition
staIling
optimum conditions

METHOD OF ANALYSIS

In calculating ~he take-off and hmding pcrformnncc chm-
acteristics for the various airpkmes, a number of basic
assumptions were made concerning the airplane cor@ura-
tions, the aerodynamic characteristics of the wing both with
and without boundary-layer control, the method of csLimat.-
ing the weight of the airplane md the auxiliary boundnry-
layer-control equipmenL, and the method used iu performing
the take-off and Ianclingmaneuvers, The tinrdcompar~t.ive
results should be unaffected by these assumptions inasmuch
as the same assumptions were used for both the.wmvcmtionaI
and boundary-layer-control airplanes, except for the assump-
tions concerning the weight of the boundary-layer-control
equipment which, in this instance, are believed to be con-
servative. In general, the assumptions vmm compatible
with data from existing airplanes.

,.
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AIRPLANE CONFIGURATION

The airplamewas assumed to have a crmtiIev-ersemimono-
coque” wing, rechmguhw in pk.n form, -with airfoiI sections
tapering from a thiclmes~ehord ratio of 0.18 at the root to
0.12 at the tip. The empennage area was considered to be
o.~5~. The fusehage frontaI area ~ for the constant pay
load W*of 1,500 pounds was determined from the foIIoming
equation obtained from refmmce 4:

F=O.15w.2Ja

The dimensions of the fuselage and landing gem remained
constant.

The propeller was considered to be Mly automatic in order
that maximum engine speed and power cmdd be obtained at
aU airspeeds. The fueI and oil supplies were as~ed
suilicient for 5 hours of cruisii at 60 percent- of maximum
power with a specfic fuel consumption of 0.50 pound per
brake horsepower per hour.

It was aesumed that-an auxiliary engine and a blower were
used to apply suction through the duct provided by the
internal space of the semimcmocoque wing to the boundary-
layer-contiol slots. The boundsry-layer-control apparatus
was assumed to have a fuel supply su.flkient for the dura-
tion of the flight.

AERODYNAMIC CHARACTEELSTICS

The variation of wing profie-drag co~cient with lift
coefficient, shown in @ure 1, was determined from section
data contained in references 5 to 8. The data axe for the
smooth-surface condition of t-he wings with and without
boundary-layer control. The use of boundary-layer suction
is seen to cause only relatively small changes: in t-heprofile
drag in the range of Liftcoefficients from Oto 1.6. On a wing
provided with suction slots to improve the mtium lift,
however, suction through these slots must be maintained in
t-hecruising range of lift coefficients in order that the profle
drag will not be increased by outflow through the slots. For

this reason, the previously mentioned provision of enough
fuel to operate the boundary-layer-control apparatus con-
tinuously during the 5-hour flight was considered necessary.
The use of a drag pcdar based on airfoil-section data for the
rough-surface condition might represent a. more realistic -”
appraisal of the high-speed characteristics of the ~iane

——

ca@u.rations investigated. Enough data were not avail-
able, however, to permit the determination of the drag polar
for the rough-surface condition. The assumed empennage
drag coefEcient based on the empennage area was 0.01 and
the assumed fuselage and landing-gear drag coefficients”
were 0.20 and 0.05, respectively, based on the fuselage
frontal area (reference 9). The induced drag coefficients
were calculated from the equation

C.,=g

where the due of e was assumed to be 0.9. The maximum
attainable lift Ccmf6cientswere assumed to be 2.8 and 5.0 for
the airplane without and tvith bo&dary-layer control,
respectively.

WEIGHT ANALYSIS

It was found convenient to express the gross weight of the
airpkme in. terms of the wing span, aspect ratio, and po-iver. “-
The relation eqxe~m the gross weight as a function of
these variables was found by determining the vreighta of
vmious airplzmecomponents as functions of one or more of
the variables. The a.irphmecomponents are designated by
the following subscripts:
m me
P propeller, hub, and engine audiaries

g gasofie and oil
F fuselage
L landing gear
II empennage
w *
b blower
brn blower engine

The following empirimd rehitions &-i.ng the weights of
engine, engine audiaries, propeIIer, and hub were deter-
mined from an analysis of 65 airphmes and 225 engines
ranging from 50 to 2,000 horsepower (references 9 and 10):

( 192W=.p —p_30+l-1
)

WP=P
(.

~+0.48
)

(1)

(2)

The airplane was assumed to hare a cruising duration of
5 hours at 60-percent full power -witha specific fuel consump-
tion of 0.5 pound per horsepower per hour and an oil require-
ment of 1 gallon per 16 gallons of gasotie (reference 9).
Thus, the weight of gasoIine and oiI is

W==l.62P (3)
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The empirical relations giving the weight of fuselage,
kndm gw, emp~%e,. m! ~:are @rn.@wnce 9
and are as foIIows: —

wr=0.172flm”B4 (4)

WL=0.067~1n”gs (5)

Wa=0.25S ._ (6)

‘~=004’sAO’47(3””w”’11’(7)

For the analysis, a value of ~=35, which is a representative

value for the type airplane considered, was awuned in
evaluating equation (7). The ratio of span to root thickness
b/t entem in the wing weight equation to the 0.115 power
and, since the wing weight is only approximatdy 15 percent
of the gross weight, this ratio could vary appreciably without
causing a change in the gross-weight estimate of more than
1 to 2 percent. “

A summation of equations 1 to 7 plus the assumed pay
load of 1,500 pounds results in the following empirical
relation giving the gross weight of the_conyent,ionaIairplane
as a function of spa-n,aspect ratio, end horsepower:

(].~7c=p x

4.58 . . . . . . .. .-

p_30+~+3.20~+ 1500+ 0.172 ~0”$’+

[ 010.067 W’””W8+S’ 0.25+ 0.07 A”.47 ~ “’M (8)

The grow weight of’ the boundary-Iayer-control airplane
is then the gross weight of the conventional airplane plus
the gross weight of the blower engine wamand blower wb;
that is,

~Bm= V’,+’wbm+wb (9)

The estimate of the blowex-engine power was made in
terms of the compression ratio, quantity flow, absoIute
entrance pressure, and blower efficiency by the following
expression for an adiabatic gas flow:

=’[(2)%-’1pbm=y— 1 (1o)

Referenca 2 indicated that sufficient boundary-layer
control for a muimum lift coefficient of 6.0 could be obtained
with a flow coefficient CQ= 0.03 and a pressure coefficient
CP=4.O. However, in order to make a conservative esti-
mate of the weight of the boundary-layer-control equipment,
a ffow coefficient of 0.04 and a pressure coefficient of 15.0
(reference 11) were used and, by substitution, equation (10)
becomes, for q=O.9,

( ) [(Ho:@”-w-l]P,.=0.00367 Ho–3 ; ~

(11)

The bIower-engine weight was then obtained hy assuming
an engine weight of 2..5 pounds per horsepower and a ffighL
duration of 5 hours at 60-percent power with a specific fuel
corknunption of 0.5 pound per horsepower per hour. VYith
these assumptions, the blomwengine weight, including fuel,
is

The weight of the bIower was obtained by assuming an
a~ial-flow stator-rotm type constructed of aluminum rdloy
having a hub-to-tip ratio of 0.6 and an axial velocity of 400
feet per second. The outer casing was assumed to be 0.125
inch thick and 48 inches long, the rotor, Mades, and shaft.,LO
be equivalent tQ a disk 2 inches thick with a diamrtcr 0.8
of the tip diameter, and the stator vanes, to be cquiwdcnt
to a disk 0.25 inch thick with the same diamc(.eras th(’ com-
plete romr. with these assumptions, the blower-weight,
equation was deveIoped and is as follows:

. - TAKE-OFF PERFORMANCE ANALYSIS

!Mke-off maneuver,—The take-offs were assumed to be
made at full power, with no head wind, and to con..isl of
three phases: (1) an accelerated run on the ground at tIN*
attitude for least total resistance until the speed for tukc-ofl
was reached; (2) the transition arc or period of change of
the flight path from ground run to steady climb; and (3)
steady climb to an altitude of 50 feet where take-ofl is con-
sidered complete. A sketch illustrating the assumed mmwu-
ver .is presented in figure 2.

Equations for total take-off distance,-The following cquu-
tion for.the total take-off distance was obtained from rcfm-
ence 12 by combining the expressions giving the disttmce

\
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)
Siedy chb-%..

R

T&-of<
,,.S%+ oftake-off ,:

/

AI@ane attitude Condltfon
I

Grorrndrun From1’-O to VIEVr
CD,, CL,
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required for ground run, transition arc, and climb:

~,= W/s

{

1“
W/s 10g’

‘g (lLcL1-GJ-~w~p

[ 1(w%,-GJ-B~p2 tml;

1+ (%-’)”’ “’=-c’t+i~’ }
(14)

where

[(
& )1~~+cD, & -

‘=sh-’ ~P– “ (15)

and
c.,=o.9c.mu

which ia the usual value assumed for C~t in an analysis of
this nature.

The attitude of least air and ground resistance during the
ground run, as shown in reference 13, is defined by the ex-
pression:

CA1=~p~Ae (16)

k using equation (16) in the analysis, the profile-drag”
variation is neglected. The assumed ground friction coeffi-
cient p=O.2 ia eqtiveknt to that of deep grass or sand.
A lower value of p corresponding to that of concrete would
reduce the take-off distance of both the conventional and

6

5

4
AP

c
3

2

I

o

boundary-Iay-er-control airplanes by appmxhnately the same
percentage; thus the comparative results wmdd be equtd
to those given in this report.

The power constants AP and B used in equations 14 and -
15 were obtained from reference 12 and me repro~uced herein
as @re 3. Use of &ure 3 requires determination of V-
as a function of spa% which was done by equating tbt-”

.——

to airplane drag as foIlovm:

(17)

w-here CD ia the summation of the assumed drags of the
airpkme components @ coefficient form. Also, horn refer-
ence 12, “

Trm==cP (18)

where, from figure 3,

c=3.09–o.oo5vmu (19)

equation (17) can then be expressed as

P(3.09-o.oo5 v.=)=; Pvm=~x
b’cD

(20)

From this equation T“m~as a function of spaa for various
powers and aspect ratios was obtained for both the conven-
tional and boundary-layer-control airpkne, and the results
are given in figures 4 and 5. Once IT.==is kuown as a func-
tion of span, the power constants A= and B are obtained
for the various spans from figure 3. .—
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Gronnd-rti distance and stalling speed.—The ground run
required for take-off wss calculated by use of the following
expression from reference 12:

(21)

The stalling speed V. was found for each ahphme from the
relation

v.=~-m (22)

LANDING PERFORMA?WE ANALYSIS

Lading maneuver,-The kmding mmeuver was consid-
ered to consist of four phases: (1) the steady glide, (2) a
transition path aecuted at mminmm Iift coefficient to bring
the airplane from a steady glide to Ie~el flight,, (3) a floating
period of 2 seoonds to sllovi for Ia.gin control response and
for the application of brakes (see reference 14), and (4) the
ground run. The beginning of the landing was considered as
the point at which the altitude was 50 feet; the total land@
distance was considered to be the horizontal distance from
this point to the end of the ground run. The maneuv= -iras
considered to be performed without the use of power-that
is, no propeIkr drag or thrust-and with no wind A sketch
illustrating the assumed maneuver is presented in @ure 6.

Basic assumptions.-In mlcukt.ing the total landing dis-
tance, certain simpIif@g assumptions were made in connec-
tion with the manner m which the tramition from the steady-
@de speed and attitude to le-reI-flightspeed and attitude was
executed. These assumptions werebased on the concept that
the horizontal distance co~ered during the transition period
for the type of airpkme considered is a relatively amalI por-
tion of the totaI landing distance so that a precise determina-

50 f)’

? t
h

ILOnahgccu7@eted.-
Xbat.,, .-GmurldCmfcef ...

u

IAmIlniatmudeIamdit!ons I

.

FIGURE 6.–rnustmtion c1asmmed manetmerto dears Wfwt obstaclefn landh%.

t.ionof the tmmsitionpath is not required. The simplifying
assumptions were: . .

1. The airphme was assumed to execute the transition at
mtium Iift coefficient and the transition path -wasassinned
to be represented by an arc of constant radius. This aeaump-
tion implies, of course, a constant speed during the transition.

2. Although a constant speed was assumed for the transi-
tion arc, it is, of course, obvious that in the actnrd ease the
speed during the transition must vary from the steady-
glide speed to the landing speed. The constant speed im-
pIied by the assumption of a transition arc of constant
radius was determined by assuming a linear variation in
speed from the steady-glide speed to the stahg speed and
taking the constant speed as the arithmetic mean of these --
two values. This assumption implies a constant decelerat-
ing force during the transition.

These assumptions are somewhat similar to those found in
approximate methods for calculating the h-aneition path fol-
Iowing take-off (referenca 12).’ Such approximate methods
for osculating the takedf disttmcehave been found to give
good reanlts and, in those cases for whioh experimental data
were avaiIabIe, the method outlined for cxihdating the - —
Ianding distance -wasa-leafcjund to gi-re good results.

Development of Ianding equations, -On the basis of aa-” - “—
sumptions 1 and 2 the following equations for the total
Ianding distance oan be derived. The horizontal distamm
covered during the transition arc & is considered first.
Reference to &me 6 shows that

.—..

ST=R sinec (23)

where 8~is th~ angle of steady glide and R is the radius of
the transition arc. The instantaneous radius of curvature
during a pull-up at maximum Iift is given by the expression

(24)

where ~LT in this equation corresponds to the lift coefficient
for ticcelerated level flight at the velocity at -ivhich the
pull-up is being executed and 8 is the instantaneous flight-
path angle. If the ooaine of the glide-path a.ngIeis assumed
to be 1.0, equation (24) can be written as follows:

(25)

where AQL is the difference between the maximum lift coefh-
cient and the lift coefficient corresponding to the previously
defiedmem speed used during thetransition. Since thestaU-
iug speed isknown, the value of the steady-glide speed ~7*is alI
that is required for the determination of R and &e horizontal
distance covered during the transition. The value of Vff
must be chosen in suoh a way that the time required for the
velooity to decrease frOm VG to ~rLis the same as the t,iMe
required for the airpIane to traverse the distance sT. The
tangential forces acting on the a.irphmeduring the tran@tion
arc are composed of the drag which is a decelerating fori~
and the component of weight along the flight path which is
u accelerating force. The mean decelerating drag force
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D~ is determined from the drag coefficierit at the maximum
lift coefficient and the mean speed ~.

There is, however, an accelerating. force which may be
determined in the following manner: At
steady gIide the following relation hoMs:

Do= 11’sin e.

where Do is the drag in the steady glide.

the end of the
.-

Since the glide
angIe I!?@is usuaIIy small, 6 varies in a nearly linear manner
with s~ during the transition, and since sin 8 also variea in
a nearly linear manner with 0 for small values of 0, the mean
accelerating force during tho transition may be written as

IT sin o Da
~ ‘~ “

Therefore, the time required for the airplane to decelerate
from the steady-glide speed 17~to the landing speed 1“~ is
then given by the following expression:

If the cosine of the flight-path angle is considered to IN--
unity, the time required to traverse the distance sT is

8T

‘=7 ““’ (27)

where ~ is the mean speed. Since ‘the two” intervals of
time expressed by equations (26) and (27) must be equal,
the distance s, may be expressed in the following form:

the distanco 8T as given by equations (23) and
written

2 w 1 c.

()
gT=— — — —

Pg ~ ACL CL G

-- (28)

(25) may be

(29)

A simultaneous solution of equations (28) and (29) gives,
after some aIgebraic manipulation, the following equation:

[(%)L(2)G-61(%Y+F(%).(%)L+101(%)+

~ ‘[(3-2*)(%).(%9L-2](3+

[(’-’%j(a(q=”=” (30)

.
An exact solution of equation (3o) for ~ rcquirea additiontd

reIations can, of course, be found by expressing the drag
polars for the various airplanes in analytic form. It was
found more convenient, however, to perform a simultaneous
solution of equations (28) and (29) by a trial and error
process, –-Once the correct value of T“. is detmrnined from
equatio~ (28) and (29), the horizontfd distance covered in
the transition arc is easily calculated for a pmticular airplane
from equation (29).

The horizontal distance sO, covered in the steady glide
from a height of 50 feet to the height }1at which th~’ transit-
ion is begun, can be calculated by the following equations
(see fig. 6):

50–h 50–11=— =—
8@ tan dff CD

()Eo
Howevei,-

h= R(l–cos O.)
so that

[. ( H
50-R I –COS tm-~ ‘CD

[T= ~
8G =

c.

() Ea

(31)

()The values of R and ~ ~ are alre~dy knowu from the

previous calculations of the transition path so that sff may

be readily determined. The distance rwmred during the

floating pgriod is mereIy
I nTV

(32)

The equation for determining the ground run or braking
distance, obtained from reference 15, is

‘B=&)log’(w(33)

(?.
— is the liftdrag ratio for the maximum-lift conditionwhere ~~

and l’~ corresponds to the stalling speed. The combined
ground and braking friction coefficient was assumed to be 0.4.
This value of the friction coefficient can be obtained with
cinders on ice. (See reference 14.) The ground offcct on the
induced drag was neglected. The totaI landing distance is
obtained fr~m a su-mma.tionof the horizontal
covered during the four phases of the maneuver:

sL=80+S~+.S~+8B

where these four components arc calculated by
equatiom -(31), (29), (32], and (33), respectively.

distances

(34)

means of
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SCOPE OF CALCULATIONS

The landing and take-off performance characteriAics
caIcrdated included the totaI kmding tmd take-off distances,

; t-heground run corresponding to Ianding and take-off, the
stalhg speed, the gliding speed, and the sinking speed. The
airphmes for which the landing and take-off performances
were calculated had wing spans mrying from 25 feet to 100
feet, engine brake horsepowers varying from 300 to 1,300, and
mpect ratios of 5, 10, and 15. & previously stated, the wing
span, aspect ratio, and power determine the weight of amair-
phme and the aiqdane conflgura-tion. The actuil values of
the engine horsepower for which calculations -weremade were
somewhat diflerent for the. landing and take-off smdysis;
however, the range of horsepowers co-rered in the two analy-
ses was the same. The landing and take-off performances
were calculated for each a-irpIa.ne-withand without bour&.ry-
Iayer control. The highest attainable value of the mwdnmrn
lift coefficient vms assumed to be 2.8 for tip airphmeswithout
boundary-layer control and, 5.0 for the airpkmes with
boundary-layer control. The landing p@ormanee calcnIa-
tions were made only for lift coeffici&ts of 2.8 and 5.0. The
take-off performance calculations, howe-rer, -rr=e made for a
number of lift-coefficients in order to determine the optimum
-due for each conf@ration. The effect of the additionrd
weight of the boundary-Iayer-control equipment on the take-
off performance characteristics was iaoIated by caIcuMng
the take-off performance characteristics of t-he boundary-
layer-control airpkme with and without the additionrilmight
of the boundary-layer-control equipment included in the
gross-weight-estimate. This calculation was made for vcings
of aspect.ratio 10 only inasmuch as the effect wouId be rela-
tively the same for other aspect ratios.

Data. defin~m the range of airplane con6gurations for
which the performmce calculations were made are presented
in figures 7 and 8 for the airplanestithout and with boundary-
layer control, respectively. These data were obtained by
cross-plotting the data derived from equations 8, 12, and 13,
emmpIes of which are given in @ures 9 and 10 for the aspect-
ratio-10 ccdguation. From figures 7 and 8 it is seen that
the v@ Ioading of the airplanes rnvest~~atedvaried from
about 4 pounds per square foot to 160 pounds per square foot
without boundary-layer control and, kom 4 pounds per
square foot to 180 pounds per square foot with boundary-
Iqer control.

The m-run velocity of the different airplane cor&gura-
tions without and with boundary-Iayer mntrcd was calculated
in order to provide a basis of comparison for the high-
a.ndlo-iv-speedperformances and is given in figures 4 and 5.
From figures 4 and 5 it is seen that for a given wing span,
aspect ratio, and brake horsepower of the main propulsive
unit the masimum ~elocities of the a.@anes with and with-
out boundary-layer controI are nearly the same. The slight
variation in speed is due to the additional weight of the
boundary-Iay~-controI equipment which increases the wing
loading and thus the lift and drag coetlicient for any given
speed and SISOthe small estent to which the drag pok.rs of

the airpkues -withand without boundary-Iayer controI difler
in the Io-irlift-coefbient range (fig. 1).

RESULTSAND DISCUSSION

The discussion is intended to show the effeots of increasing
the maximum Iift coefficient by boundary-layer control
upon the landing and take-off performance characteristics
and upon the rdation between high-speed performance and
the take-off and hmding performance as tie &-pIane con-
figuration is wried. The pertinent take-off $md landing
performance characteristics are presented in terms of the
wing span, power, and aspect titio for the airplanes yrith
and without boundary-Iayer contiol. The choice of -rariabIes
employed in presenting the data was arbitrary to some
dent. Although other parameters could ha-re been em-
pIoyed, span, aspect ratio, and power were chosen because
these variabks indicate the physical size and practkabihty
of tie airplane. h some cases, the performance parameters
were plotted against wing loading or power Ioading as well
as wing span because their use tended to clarify the results.
The effect upon the take-off characteristics of increasing the
rnasimum lift coefEcient by boundary-layer control is
discussed &t..

TAKE-OFFCHARACTERISTICS

me take-off characteristics to be discuesed are:
(1) The total take-off distance
(2) The ~ound run and stalling speeds ,

TOTfi T.4Kl%-OFFCHAEACWERISTIOS

Exa.mpIesof the -mriationa of total take-off distance of the
boundary-Ia-yer-control airplane with ~um Iift co-
efEcient for various spans and horsepowers at @ aspect
ratio of 10 are presented in @e 11. For a given aspect
ratio, the lift coefficient for minimum take+ff distance
increasesas the span decreasesand the wing loading increases.
These results were cross-plotted in figure 12 tu show the
variation of optimum CLwith wing Ioading for the various
aspect ratios and horsepowers. The figw.reshows t-hatat an
aspect ratio of 5, regardkss of ~ load~, the optimum
Iift coefficient is Iessior slightly greater than that available
with con-rentiomd high-lift detices. For aspect ratios of 10
and 15 and wing loadings of Iesa than 10 pounds per square
foot, although the optimum maximum lift coefficient for’
take-off exceeds t-he masimum Iift coefiicimt a.t.taina.bIe
without boundary-Iayer control, the use of lift coefficients
greatw than 2.8 -mill decrease the take-off distance very
little. (See @. 11.) For the Imger wing Ioadings, however,
the rate of change of the take-off distance with lift co-
efficient is Iarge and the use of the optimum Iift coefficient
offars a considerable decrease in takcwff distance.

Throughout the remainder of the anaIysis, the effects of
other variab~es on total take-off distance are discussed for
the optimum lift coefficiat udess it exceeds 5.0, in which
case the take-off distance was calculated for a maximum
lift coefEcieit of 5.0.

.
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SPOq b,ft

FJGUBE(t.-Grow weightof conventionalaA@=Iaaas a functionof span for varfouspowers.

Effect of boundary-layer controI on take-off.-The varia-
tion of take-off &stance with span for various horsepowers
is preeented for aspect ratios of 5, 10, and 15 in figures 13
and 14 for the conventional and boundmy-layer-controI
airpIane8, respectively. The eflect of the weight of the
boundary-Iayar-control equipment on the take-off character-
istics w~ found for an aspect ratio of 10 by assuming that
no weight was addecl by the auxiliary blower and motm.
These data are presented in figure 15.

The effect of boundary-Iayer control on the total t.akedf
distance of the airpIane may be seen in figure 16, which
shows the total take-off distance as a function of maximum
speed for both the conventional ancl boundary-Iayer-controI
airplanes with varying aspect ratio and horsepower. Figure
16 shows that for a given maximum speed and an aspect
ratio of 5, regardles of span, the. boundary-layer<ontrol
airplane genertdly requirm more d“istancefor take-off” tian
the conventional airplane. As the aspect ratio increases,
however, boundary-layer control becomes more effective,
and for an aepect ratio of 10 or more with a w-@loading of
10 pounds per square foot or more the addition of boundary-
layer contro~decreases the total take-off distance. It follows
that, for a given take-off distance, the boundary-layer-control
airpIane would have a greater maximum speed.

The effect of the weight of the boundary-layer-control
equipment on the total take-off distance is shown in figure
16 (b) for aspect ratio of 10. This @re shows that &e
total take-off distance may be decreased appreciably by
decreasing the weight; “therefore, evtyy tiort should be
made to decrease the weight of the boundary-layer-control
equipment.

Figure 16 dso shows that the .ab~lute minimum total
take-off distance obtained with a Iow wini loading and
moderately low aspect ratio is not decreased ~y the ad-dtion
of boundary-layer controI.
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FrOUM12.—Opt1mum maxhnmn Uft me~dent fti rdnhimm tofal fake-ofi distance of an
ah lane with boundarwleyer control as a function cdwing Imdfng for various aspect MUM

$an pmwrs.

Ei7ect of power loading on tske-off distance.---The power

loading is shown as a function of take-off distance for various
wing loadings and aspect ratios in figures 17 and 18 for the
conventional and boundary-layer-control airphmes, respec-
tively., As is shown, the optimum power loading, which is
nea.dy independent of wing loading and aspecLratio, is ap-
proximately 8.5 and 9.0 pounds per horsepower for tho con-
ventional airplane and the boundm-y-layer-control airplane,
respectively. It should be noted that increasing the hmse-
power above the optimum value increases the tnke-ofl dis-
tance. This resuIt i? due to the accompanying clmnge in
engine, fuel, and structural weight.

GROUND-RUN AND STALLING=PEED CHARACTERISTICS

ln order-to obtain the minimum ground ru~, which is given
in figures 19 and 20, the calculations were nude by consider-
ing the-ground run completerl when a speed was reached
corresponding to a flying speed at 0.9 of the resumed mm-i-
mum lift coefficient. During the analysis, it was found that,
because the induced drags were large for aspect. ratio of 5
of the boundary-layer-control airplane, the power was in-
sufficient”to maintain level flight at lift eoclhcients grm ter
than 3.8; therefore, the ground run for rm aspect. rntio of 5
was calculated for a maximum lift coefficient of 3.8. The
variation of ground run with span for various horsepowcm
and aspect ratios is shown in figures 19 and 20 for the con-
ventional and boun&wy-Iayer-cent.rol airpIanes, respectively,
and in figure 21 for the airplane with boundary-layer contra]
but with the weight of the additional equipment disrcgnrdcd.
These data are compared in figure 22 where the ground run
has been plotted as a function of l“~a. for various horsepower
and aspect ratios.

The bcmnd,ary-Iayer-control airplane had shorter ground
runs than the conventional airplane for alI configurations
considered. The reduction was negligible for an aspect.
ratio of 5 and a maximum lift coefficient of 3.8. At aspect
ratios of 10 and 15 and maximum lift coefficient of 5.0,
however, the ground run was decreased 10 to 30 percent by
the addition of boundary-layer control. The beneficirdeffect.
of reducing the boundary-layer-control-equipment weight.,as
previously noted for the total ta.kedl (listante, was again
observed for the case of the ground run (fig. 22 (b)).

This reduced ground run produced by use of high n~axi-
mum lift coefficients associated with boundary-layer control
may prove to be most advantageous for carrier-lined air-
planes or-seaplanes.

The stalIingspeed ~7,is presentedas a function of maximum
speed in figure 23 for various aspect ratios and horsepowers.
The stalling speed was 20 to 25 percent 1sssfor the boundary-
layer-contml airplane than for the conventionrd airplane for
all configurations considered.
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PO WEE-OFFL&NDJNGCHARACTERISTICS

The povrerdf Ianding characteristics to be discussed are

(1) The total landing distance

(2) The ground-run distance -
(3) The speed at which the diilermt phases of the Ianding

maneuver are executed
Total landing distsnce.-The total landing distance is

presentid as a function of wing span in tlgure 24 with power
as the parameter. The data are for aspect ratios of 5, 10,
and 15 and are for the airplanm with and without boundary-
layer contrcL An examination of the data of figure 24
indicates that, for a given engine power and aspect ratio, the
Ianding distance decrtwses rapidly vrith iucrea@ng span over
a certain range of spans, after which further increases in span
have IittIe effect. This is a result of the manner in which
the wing loading varies with epap. (See figs. 7 and 8.) For
a given wing span, the landing distance is seen to increase
with increasing engine power. In all cases, increasing the
aspect. ratio for a &cd span and poyer increasm the total
Ianding distance. For any- givm” aspect ratio, the shortest
Ianding distance is obttied for the airphme with Iargest
span and lowest power. These trends are evident in the dat~
for all cofigurs tiona investigated. The effect of boundary-
Iayer controI on the total Ianding distance cm best be seen,
in figure 25. b this figure the ratio of the total landing&-
tance with boundary-layer control to the totaI distance
without boundary-layer control is. pIotted as a function of
span. The data cIearIy indicate that, regadess of engine
power or aspect ratio, the use of maximum Iift coefficients of
the order of 5.o which can be obtained with boundary-Ia-yer
control as compared with lift coefiicien. of 2.8 which can be
obtained without boundary-layer control remdtain decreases
in the total landing distance which vary between 25 and 40
percent.

The data of @re 26 show that, for a constant wing
loading, the useof bciundary-layer control resultsin reductions

of the totaI landing distance which vary from about 27 to
43 percent. The slightly more favorabIe eilect of boundary-
lay= controI when the comparison is based on a constapt
wing loading rather than on a constant span is eqhi.ned by
the fact that the addition of boundary-Iayer control to the
air@ane of constant span increases the @g loading by a
small amount which has an admrae effect on the landing
distance. For a constant wing loading, variations in the
engine power have a negligible effect upon the landing dis-
tance (fig. !26); hence, the relatively large adverse eflect of
increasing the power upon the Ianding distance of an airpIane
of constant span, shown by the data of fi=gm 24, results from
the effect of engine pow= on wing Ioading. It might” #so
be thought that the adverse effect upon the kding distance
of increasing the aspect rktio for a given sptm and power
(fig. 24) couId be attributed enti.rdy to an increase in wing
Ioading. The data of figure- 26, however, show that for a
given wing loading, increas@ the aspect ratio ah causes
some increase in the landing distance. This unfavorable
effect of increasing aspect ratio on the landing distance results
from the fact that as the a~ect ratio is increased the airplane
Lift-dragratio is aIao increased M thtit there resik a flatter
gIide and, hence, a greater horizont-aI distance from the 50-
foot obst@e to the point of grotid contact. The propei
application of a spoiler og air brake might, thtiefore, reduce
or ehn.iuate the unfavorable effect of increasing aspect ratio
on the totaI landing distance.
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The over-roll cormhsion to be drawn from ‘the” data of
figures 24 to 26 is that bonqdary-Iayer controI causes a sub-
stantial reduction in the totaI Ianding distance of sII the
airpkme configuratioris investigated. The minimum land-
ing distance for the confirmations irmestigatqdwas obtained
for the airplane conflgnmtion having boundary-layer controI
and the Iowest ring Ioading and aspect ratio-that is, a mung
Ioadirg of 4 pounds per square foot and an aspect ratio of 5.

As previously pointed out, the application of botmda.&-
layer controI does not have any appreciable effect upon the

<masimum speed. Consequently, the reductions in Iarding

distance resulting horn boundary-layer contiol @ge. 24 to 26)
can be obtained without any sacrifice in maximum speed in ‘–
most cases. k order to show- this eflect more clearly, the
total hmding disttice has been pIotted against maximum ‘---
speed in fiegyre27-forthe airplaneswith and without boundary-” ‘-
Iayer controI. Figure 27 shows that for a given maximum .———
speed the use of boundary-layer c.ontrcd results in a 25 .._
to 40 percent “decreasein the I@ing distance. The wing
spans of the clifkrent airplanes are indicated by symbols on “””-
these curves. It is interesting to note that for most cases . .
Iarge increases in the maximum speed can be obtained tit-h
no increase in the lwding distance by the use of bounchry-
layer control along with reduction in span. The Unfavorable
.tiect of increa&ng aspect ratio on the landing distance for . . .
a given maximum speed is, as previously pointed out, a result
of the higher Iift-drag ratio of the airpIanes of high aspect
ratio. The fact that boundary-layer control do- not have - ~~_
a favorab~e effect upon the Ianding distance for the Mg@t
maximum ~peeds obt-aiudde w-M a given power is expIained -
by- the data of &gures4 and 5 which show that the highest _,
posible speed. for a given power is slightiy L@her for the .
airplane without boundq--Iayer control than for the air-
plane with bounds@-Iayer control. This is due to the in-
creased ming loading of the boundary-layer-contrcd airplane.

The data prwmted in figures 24 to ~7 lead to the conclusion - ~
that the high Iift coefiicien~ mmilabIe with boundary-layer
controI are very eflective in reducing the lading distance
of the type of airplane considered in this investigation. - ““
A somewhat d&rent conchsion was reaehed with respect to
the tiect on the total take-off dfstance of the increased Iijt,-”.,
coefficients available with boundary-Iayer contrd. The data
of &e 16 showed that there was no appreciable decrease “.
in the totaI take-off distance due to boundary-layer control
for a given mtium speed unless the aspect ratio was of the
order of 15. Even for we higher aspect ratios, the reIative
effect of boundary-layer control on the total take~ff distance
is small M compared with its effect on the Ianding distance. _

“Ground-run distanoe.-The ground-run distance is plotted
against -&ingspan for difFerentaspect ratios and engine horse- . .
powers in figure 28 and against mashpum speed in figure 29.
The data of figure 28 indicate that the use of boundary-
Iayer control results in reductions of the ground-run distance -”
which vary from 30 ta 40 percent depending upon the con-
figuration. The use of the lo-west poesible wing Ioading— .._

that is, low aspect ratio and qgine of Io-ivpovr~ .-VSS the
the shortest ground-run distance for a given span.

The data of figure ’29 indicate that, for nearly aII con@u- ‘-”

rations, reductions in the ground-run distance of 35 to 40

percent canbe obtained by the use of boundary-ki.yer control” ‘--

without compromising the m-um speed. In comparison

with the trends of figure .29, the data of &ure 22 indicated - -‘-

that boundary-layer control has en important tiect upon--—

the ground run to take+ff for a given mtium speed only
if the aspect ratio is of the order of 10 to 15 and that th;-

ground run for take+ff is generally longar than that for

landing.
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Landing speeds,—The speeds with which the various
phases of the landing maneuver are executed are of some im-
portance as an indication of the piloting skill required to land
a particular airplane. For this reason, data are given in
figures 30 and 31 pmtaining to the effect of boundary-layer
mntrol on the vertical or sinking speed in the steady glide
and steady-glide speed.

The effect of boundary-layer control on the sinking speed
is shown in figure 30 where. the vertical velocity is plotted
against wing span for various horse.powersand aspect ratios
for the airplanes with and without boundary-~ayer control.
The data show that boundary-layer control has only a rela-
tively small effect on the sinking speed in all cases. For all
the airplanes both with and without boundary-Iayer control,
reducing the span for a given aspect ratio and engine power
is seen to increase the sinking speed.

Ih figure 31 the velocity in the steady gIide is .pIotted
against wing span for the airplamwof different aspect ratio
and power both with and without boundary-layer control.
k alI cases, the use of boundary-layer control is seen to re-
duce the speed in the steady glide by 20 to 25 percent. As
would be expected, the steady-glide speed increwea vvi$h

decreasing span for a fised power and aspect ratio in all cases.
Increasing the-aspect ratio for a given span and power also
increases the gliding speed because of the associated incrcmc
in wing loading and wing Iift-drag ratio.

EFFECT OF ASSUMPTIONS ON RESULTS

h was previously pointed out, most of the many msunlp-
tions employed in the anaIyaiswouId not be mpccted ta have
any Iarge effect on the landing and t.ake.ofl pwformanms of
the boundary-Iayer-controI airpl~ne as compmcd with h
airplanetithout boundary-layer control, Three assump-
tions were. made, however, which should be considcref in
comparirig the performance characterietks of tlw conwm-
tional and boundary-layer-control airplanes. These assump-
tions are

(1) No%ead wind
(2) Na ground effect
(3) A ratio of span ta root thickness of 35 and a Lhick-

ness to chord ratio of 0.18 at the root and 0.12 at the tip
Thwe three assumptions wouId probabIy have a greater

effect on the boundary-Iaycr-controI airplane than on tho
con.wsmtionglairphme for the following reasons.
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Head wind,-Because the maximum lift coefficients of the
boundary-layer-control airpIaneswere greater than those of
the conventional airplanes, the horizontal speed during the
landing or take-off maneuver was less for the boundary-layer-
control airplane thari for the conventional airplane. Given
a uniform head wind, the airspeedsof the two airpIaneswould
remain unchanged, but the horizontal speed with respect to
the ground of the slower airplane would be reduced by a
greater percentage than that of the faster airplane. There-
fore, the horizontal distance required to land from or take off
and climb to a given altitude would be decreased in a head
wind by a greater percentage for the boundary-Iayer-control
airplane than for the conventional airpIane.

Ground effect,-The effect of proximity to the ground is
ma.inIy that of increasing the eflective aspect ratio. The
greater aspect ratio would rwult in proportionately greater.
decreases in induced drag for the boundary-layer-controI
airplane with ils high maximum lift coef%cient than for the
conventionrd airplane; therefore, the take-off distance for
the boundary-layer-control airplane would be decreased by
a greater percentage than that for the conventional airplane.
For a more thorough treatment of this subject, see refer-
ence 16.

Wing thickness-chord ratios,-If the ratio of wing span to
root thickness were maintained at 35, the root thicl.mess-
chord ratios of the wing would greatIy exceed 0,18 for the
larger spans and aspect ratios. The wing profile drag of the,

conventional airplane would, therefore, be considerably
greater than the values used because of the large profile drtigs
associated with fiirfoil sections having thicknws rtitiosgrca~r.
than 0.21 (reference 17). T17thboundary-layer ccmtrol,hwv-
ever, it is possible tQ use the thicker airfoil sections without
greatly increasing the profile drag as experimental resulis
have indicated that, when separated flow exists, the drag of
an airfoil section, incIuding the boundary-Iayer-controI”
power, may be Iess than the drag without boundrwy-lnyer ●

control (references 2, 7, and 8).

CONCLUSIONS

An anaIysiswas made to determine the effwL of boumh ry-
Iayer control on the take-off and power-off kmding perfornl-
ance characteristics of a liaison type of airplnne having
aspect ratios ranging from 5 to 15, wing spans ranging from
25 to 100feet, and engine brake horsepowers ranging from 300
to 1,300. “The airplanw were assumed to have a 1,500-pound
pay load and a cruising duration at 60-percent power of-6
hours. The results of the analysis indicate the following
conclusions:

.1. The addition of boundmy-layer controI dock not re-
duce th~ absolute minimum total tali?-off distance whit-b
is obtained with a Iow wing loading and a moderately low
aspect ratio.

2. The effectiveness of boundary-Iayer centrol in rwluc-
in.g the total take-off distance for a given mtuimum speed
improve=with increasing aspmt ratio and, for wing londings”
of 10 pounds per square foot or more and an aspect ratio of
10 or more, the addition of boundary-lriyer control rcsulta
in a decrease in tlM total take-off disttiuce of ns much as
14 percerit.

3. For a given maximum speed the ground-run distance
for take4ff was reduced for all configurations by the use of
bounda~-layer control. This reduction was nugligilh for
a.na9pect ratio of 5 but was from 10 to 30 percent for aspcch
ratios of 10 and 15.

4. For a &en maximum speed, th use of I-wundary-lnycr
control resulted in. a reduction in stalling speed of 20 to 25
percent fo~ all configurations.

5. A reduction in the weight of the boundary-laym-
contrcd equipment would result in an apprccialic dwrcasc
in the total take-off distance and ground-run dietnmw
for tqke-gff, but its effect on the stalling speed would bc
neghgible.

6. The ‘optimum- horsepower Ioading for minimum take-
off distance was found to be approximately 8.6 and 9.0 .
pounds per horsepower for the conventional and boumiary-
Iayer-controI airplanw, respectively.

7. For a specified airpkme maximum speed, tho total .
landing distance was reduced from 25 to 40 pcrccnt and the
landing ground-run distance was reduced 30 to 40 percent
by the use of boundary-layer coritroI.



EF??ECK!JS OF BOUWDARY-L&& CONTBOL ON T_FF ANO LANDING PERFOIWAIICE OF LLUSON~ AIRPLANE 1383

8. The gIiding speedawere 20 to 25 p~cent Iower for.most
of the airpkmes with boundary-Iayer controI t-km those for
the airplanes without boundary-Iayer control.

9. For a fixed wing span, the sinking speed, or vertiod
veIoci@ for the Ianding oondition was .sIightly higher for
the airpkme with boundary-layer control than that for, the
conventional airplane. .

LAKGLEY JkLONAUTICAL tiBORATORY,

hTATIoNAL &meoRY COMMITTEE FOE AEBONATITICS;

L~XGLEY l?IELD, VA., October~, 1951.
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